We discuss the effect of the instanton induced, six-fermion effective lagrangian on the decays of the lightest scalar mesons in the diquark-antidiquark picture. The addition allows for a remarkably good description of scalar meson decays. The same effective lagrangian produces a mixing of the lightest scalars with the positive parity qq states. Comparing with previous work where the qq mesons are identified with the nonet at 1200-1700 MeV, we find that the mixing required to fit the mass spectrum is in good agreement with the instanton coupling obtained from light scalar decays.
Introduction
We study in this paper the strong decays of the lightest scalar mesons: σ, κ, f 0 , a 0 and the relations of the light scalars to the scalar mesons observed in the 1-2 GeV range.
Recent experimental and theoretical evidence for the existence of σ and κ, [1] , [2] , [3] , [4] indicates that light scalars make a full SU(3) flavor nonet. Their mass spectrum, with the peculiar inversion of the κ and f 0 or a 0 mass ordering, speaks however against the naivepicture.
The KK molecular constitution [5] , advocated to explain the degeneracy of f 0 /a 0 with the KK threshold, would lead most likely to incomplete multiplets. Forces mediated by the exchange of colorless mesons should violate strongly the SU(3) symmetry, nuclei do not fall in SU(3) multiplets.
Evidence for σ and κ and the resulting SU(3) flavor nonet rather indicates that these states are made by quarks and antiquarks bound by color forces. Several authors have considered the picture whereby scalar mesons are diquark-antidiquark bound states, with the diquarks in the fully antisymmetric state with respect to color, spin and flavor, see [6] , [7] and [10] , which we indicate with [q 1 q 2 ]. Diquarks are in color3, spin S = 0 and flavor3 and antidiquarks in the conjugate representations. Diquark-antidiquark bound states (tetraquarks, for short) naturally reproduce the SU(3) nonet structure with the correct mass ordering, as indicated by the explicit quark composition: 
While light scalar meson masses are well understood in the tetraquark picture, their strong decays have still escaped a satisfactory theoretical understanding.
In addition, there is the problem of identifying thescalar states which must indeed exist, as indicated by the well identified nonets corresponding to 1 orbital angular momentum L = 1 and quantum numbers J P C = 1 ++ , 1 +− , 2 ++ [11] : all predicted states are unambiguously identified but for J P C = 0 ++ . A solution to this problem was proposed time ago by Schecter and collaborators [7] . Thestates are identified [8] with the scalar mesons found immediately above 1 GeV, with a possible addition of a scalar glueball around 1.5 GeV [9] . The latter multiplet also shows a reversed mass ordering between the I = 1 and I = 1/2 states, the a 0 (1450) and K * (1430) respectively. The anomaly was explained in [7] by an ad hoc a mixing between the light (tetraquark) and the heavy (qq) mesons. This possibility was criticized in [12] on the basis that the non-diagonal hamiltonian needed to fit the mass spectrum is anomalously large with respect to mixings found in analogous situations and it does not compare well with the generally valid Zweig rule.
In this paper, we consider the instanton induced effective six-fermion lagrangian [13] , which was used to solve the problems related to the η − η ′ masses [14] , [15] . Instantons induce effects in scalar mesons dynamics not considered before, in that they: (i) provide an additional amplitude which brings the strong decays of the light scalars quite in agreement with data and (ii) give a satisfactory justification of the mixing scheme introduced in [7] .
In conclusion, by including instanton induced effects we find a satisfactory answer to the most intriguing questions raised on scalar meson dynamics over the last years and provide conclusive arguments about their 4-quark andstructure.
Light scalar meson decays in two pseudoscalar mesons
A first mechanism for the decay of a tetraquark in two pseudoscalar mesons is given in Fig. 1(a) and denoted as quark rearrangement in [10] . Comparing with the quark composition in (1), one sees that this mechanism may explain the affinity of f 0 and a 0 to KK channels but it leads to a vanishing f 0 → ππ amplitude. A non vanishing amplitude for the latter process is generated by a mixing of the f 0 and σ configurations in (1) . With the observed mass values, however, the mixing turns out to be too small to give an appreciable ππ decay [7, 10] . As observed in [10] , in the tetraquark model f 0 → ππ has to proceed via a different mechanism.
The different mechanism can in fact be found in instanton induced transitions. Fluctuations of the topological charge in the vacuum related to the instantons [13] produce a breaking of the U(1) A symmetry that reduces the natural chiral symmetry of the quark model, U(3) L ×U(3) R , to SU(3) L ×SU(3) R times baryon number, thereby solving the problems related to the η − η ′ masses [14] [15]. Instanton effects can be summarized by an effective lagrangian, L I . With three light quark flavors, L I is proportional to the product of three quark and three antiquark fields, antisymmetrised in flavor and color. Thus, see Fig. 1(b) , the effective lagrangian can annihilate one tetraquark into a scalar quark density which evolves in the M 1 +M 2 final state. That there is no double counting in adding the amplitudes of Figs. 1(a) and (b), can be argued in different ways. The instanton amplitude violates the conservation of the axial U (1) charge, while that is conserved by the quark exchange process. In addition, the process in Fig. 1(b) couples a four quark state [su] [sū] to a dd scalar density because of the flavor antisymmetry, namely it produces a non-vanishing amplitude for f 0 → ππ, which is forbidden by quark rearrangement. The rates for σ → π + π − and f 0 → π + π − determine independently the strength of the two different mechanisms and, in the SU (3) limit, allow for a prediction of the rates of the remaining decays.
An independent issue is that of chiral dynamics, which is respected by QCD interactions and instanton effects. Chiral dynamics in scalar meson decays has been discussed by Schechter and coworkers, see e.g. [16] . To be compatible with the low energy theorems required by SU(3) L ×SU(3) R , pseudoscalar mesons have to appear in the effective lagrangian with derivative couplings. However, if one restricts to quark rearrangement amplitudes, derivative couplings lead to an overall unsatisfactory description. For each given channel, the derivative coupling introduces a factor of (p
This factor introduces a strong SU(3) breaking in the amplitudes, which tends to give a too large rate to a 0 → ηπ, if one fixes the strength of the coupling with the σ → ππ width. For this reason, decay amplitudes were fitted with non-derivative couplings in [10] , arguing that pion momenta are far from the chiral limit in most of scalar meson decays. This solved the a 0 problem but left the problem of f 0 → ππ still open.
In this paper, we introduce the instanton-induced coupling keeping chiral dynamics into account. The instanton induced coupling, albeit smaller than the quark exchange one, turns out to be essential to obtain a satisfactory description of the decay amplitudes. A small instanton coupling had to be expected a priori, since the instanton contribution is a subleading effect, e.g. it vanishes in the N c → ∞ limit.
S 4q → P P via quark rearrangement
We write the nonet of light pseudoscalar mesons according to:
where η q and η s are the isospin singlets in the quark basis:
and |η s = |ss . In the limit m u , m d , m s → 0 the QCD action is invariant under the global symmetry SU (3) L × SU (3) R and the pseudoscalar octet mesons can be identified with the Goldstone bosons of the spontaneous symmetry breaking
Chirally-invariant effective Lagrangians written in terms of Φ and other matter fields can be constructed in a systematic way by means of the non-linear realization of Ref. [18] . Following this formalism, the basic element transforming linearly under G is
allows to construct fields transforming linearly under G starting from matter fields transforming linearly under H.
Denoting by S the nonet of light scalar mesons (S → hSh −1 ), the effective Lagrangian of lowest dimension allowed by chiral symmetry contributing to processes of the type S → P P , with P restricted to the octet, contains only two free parameters:
where
The structure of L eff is dictated by chiral symmetry and holds independently of the two-or four-quark hypothesis about S.
In the four-quark (diquark-antidiquark) picture the leading quark exchange diagram, Fig. 1 [10] . If we take into account also contributions with the singlet pseudoscalar field, the effective operator generated is:
In first approximation we thus expect c 1 = −2c 2 . In this limit the f 0 → ππ coupling vanishes for the ideal octect-singlet mixing scheme of the scalar mesons:
4 The instanton contribution
Instantons generate an effective interaction which can be written, at quark level, as [14] , see also [19] :
where i and j denote flavor indices (summation over color indices is understood). This six-quark interaction induces a mixing between two-quark and four-quark scalar currents. The flavor structure of L I is such that it includes a term of the type
is the diquark-antidiquark scalar current with the flavor quantum numbers of S and J [2q] is a quarkantiquark scalar current:
[qq]
i α is the spin-0 diquark operator (latin indices indicate flavor, greek indices stand for color andq c is the chargeconjugate of the quark field):
With a four-quark scalar nonet, this has two interesting consequences: i) a new effective S → P P coupling which breaks the c 1 = −2c 2 relation (allowing a non-vanishing f 0 → ππ); ii) a mixing with the heavier quark-antiquark scalars.
The instanton induced S → P P coupling has the following form
dots denote higher-order terms in Φ and in the chiral expansion. In conclusion, in the four-quark hypothesis, S → P P decays should be described by the following effective Lagrangian:
We expect c I ≪ c f , since the instanton contribution is a subleading effect. Table 1 : The g SP P ′ couplings for tetraquark andscalar mesons, from the effective lagrangians (15) and (26), respectively.
Numerical results
We introduce η − η ′ mixing in the octet-singlet basis:
It is useful to consider also the mixing in the quark basis:
with:
From the analysis of the pseudoscalar meson masses, γγ decays of η and η ′ and J/ψ → γ η/η ′ [23] , one obtains:
In Table 1 we give explicitly the g SP P ′ couplings, defined by
for the S → P P ′ transitions. In the case of a 0 → ηπ processes, we have two interfering alternatives: the quark exchange amplitude, Fig. 1(a) , produces a pure η s , while the the instanton interaction, Fig. 1(b) , produces a pure η q . Table 1 gives a clear vision of how the instanton and quark rearrangement contributions enter in the calculation. We express the coupling to physical particles η and η ′ in terms of the octet-singlet mixing angle to obtain:
The decay rates are then given by:
where p * is the decay momentum. Table 3 : Experimental data for the S → P P amplitudes in GeV. The number in brackets in the KLOE column refer to the parameterization of Ref. [27] without the σ pole (the absence of the σ contribution makes the f 0 → π + π − , K + K − results between brackets less reliable for the present analysis; similarly, we do not quote the f 0 → π + π − , K + K − results extracted from σ(e + e − → π + π − γ) [21] which suffer of a larger background). The numbers in the last column refer to other experiments where it has been possible to unambiguously extract the information on the partial amplitudes.
We use the masses given in Table 2 and φ P S = −22
• [23] . The experimental information on the decay amplitudes |A(S → P P ′ )| is collected in Table 3 . Numerical predictions for the absolute values of the decay amplitudes, |A(S → P P ′ )| are listed in Table 4 , using the σ → ππ and f 0 → ππ as input channels, with or without the instanton contribution. For simplicity in this Table we 
The negative sign of c I is chosen to minimize the a 0 → ηπ rate. A crucial role is played here by the η − η ′ octet-singlet mixing. Signs are such as to favor a cancellation, which suppresses the a 0 → ηπ rate, the degree of interference increasing for φ P S more negative. As an alternative strategy, we have fixed φ P S = −22
• and searched for a best fit solution, assigning conventionally a 10% error to the σ rate, 15% to κ and 30% to all others, to allow for a wider search. The results of the best fit are reported in the fourth column. The best-fit couplings are:
Some comments are in order:
• Data for σ and κ decays are from [3, 4] .
• All the other data are taken from KLOE results on σ(e + e − → ππγ, πηγ) [20, 21, 22] . There, the couplings for f 0 → ππ and a 0 → ηπ are extracted in a model independent way while values for f 0 , a 0 → KK couplings are subject to a theoretical uncertainty which is not reported in the table.
• As expected, |c I | ≪ c f .
• The positive feature of the instanton contribution is that it provides a non-vanishing f 0 ππ coupling and, in addition, it improves the agreement with data on the 'clean' a 0 → ηπ channel.
• Note that the relation between κ → Kπ and a 0 → KK is fixed by SU (3) and does not depend on the value of the couplings. As a result it is impossible to fit simultaneously the central values of these two amplitudes without introducing symmetry breaking terms. [3, 4] , the reported amplitudes correspond to: Γtot(σ) = 272 ± 6, Γtot(κ) = 557 ± 24.
The qq case
Neglecting the difficulty with the mass spectrum, one may try thehypothesis for light scalar decays. The most attractive possibility is to assume f 0 = ss, so that one has to switch from (9) to:
The most important S ′ → P P amplitude is obtained by forming the pseudoscalar mesons each with one of the valence quarks and a sea quark, which corresponds to the coupling O 1 , while instantons give rise to the coupling we have indicated by O f . In conclusion, we find:
Results are reported in Table 4 . Due to the exchange of f 0 and σ going from S to S ′ , it remains true that there is no f 0 → ππ in the absence of instantons and, similarly to the tetraquark case, we obtain |c
The situation is drastically different for the a 0 → π 0 η channel, however. In thecase there is no sign conspiracy that produces the cancellation found before and the predicted amplitude is far from the observed one for any value of φ P S , with or without instanton effects.
The mixing with qq scalars
We identify theP-wave states with the nonet associated to the well identified I = 1 and I = 1/2 states, a 0 (1450) and K * (1430). With reference to Fig. 1(b) and eq. (11), we see that L I is able to mix tetraquark withstates. We indicate by S and S ′ the two nonets, represented, respectively, by the matrices (9) and (25) with the appropriate name changes. We obtain the effective mixing lagrangian as follows:
where γ is a phenomenological parameter of dimension mass squared. The flavor structure of (27) is such as to precisely mix e.g. the field σ = [ud][ūd] in (9) with the field f ′ = ss in (25) . This is remarkable: to obtain this mixing by usual QCD interactions, one would have to annihilate completely quarks and antiquarks in the initial state and produce from vacuum those of the final state. This would be quite a suppressed transition [12] , which instead is provided almost for free by the instanton lagrangian. The proviso concerns the matrix element in (27) , associated to the creation of S ′ from vacuum, via J [2q] . In the fully non-relativistic approximation, one would have:
where Ψ(0) is the non-relativistic wave-function in the origin, which vanishes for P-waves. However, for relativistic quark fields we get a non-vanishing result, proportional to v = p/E. For QCD, Coulomb like, bound states, v ∼ α S , and the P-wave nature of S ′ results only in a mild suppression. A S − S ′ mixing term of the form (27) was introduced in [7] , where it was shown to lead to the correct ordering of the a 0 (1450) and K * (1430) masses, for:
With this value and the observed masses, the bare masses of thescalars are slightly above 1 GeV, which qualitatively agrees with the estimate given in [15] and based on the linear sigma model, joining together pseudoscalar and scalarmesons, and the η − η ′ masses. The bare masses agree also with the natural ordering of P-wave states, that predicts 0 ++ masses to be smaller than 1 ++ and 2 ++ masses [7] [12]. In the same paper, the decays S ′ → P P are studied and found to be reasonably described be the effective lagrangian:
The results (29) and (30) lead to an interesting check of the normalization of the instanton lagrangian. Among the contributions to the instanton induced decay amplitude, Fig. 1(b) , one may consider the pole term where S turns into S ′ via (27) and S ′ gives rise to the final state. This gives a contribution to c I , eq. (15), and one obtains:
where we have used M S ′ ∼ 1.5 GeV. Compared with the value given in (24), the result in (31) indicates that the S ′ pole term approximately saturates the instanton contribution to the decay amplitude of the light scalars. The agreement provides a very encouraging check of the whole scheme.
One could derive from this result an approximation scheme where all instanton induced effects are summarized by the mixing (27) . The dynamics of the scalar mesons would be described by the effective lagrangian:
The first line describes masses and mixing (with M 2 S = a + bλ 8 and similarly for S ′ ) and the second line the dominant decay amplitudes. Mixing-induced pole terms would introduce the corrections needed, e.g. to allow for non vanishing f 0 → ππ amplitude.
